The study of polygenic disorders such as cardiovascular and metabolic diseases requires access to vast amounts of experimental and in-silico data. Where animal models of disease are being used, visualization of syntenic genome regions is one of the most important tools supporting data analysis. We define what is required to visualize synteny in terms of the data being displayed, the screen layout and user interaction. We then describe a prototype visualization tool, SyntenyVista, which provides integrated access to quantitative trait loci, microarray, and gene datasets. We believe that SyntenyVista is a significant step towards an improved representation of comparative genomics data.
Introduction
We discuss a new type of scientific visualization, called 'synteny visualization'. Synteny is the condition of two or more genes being located on the same chromosome. Conserved synteny may be defined as the condition where a syntenic group of genes from one species have orthologues (similar genes) which are syntenic in another species. The gene order need not necessarily be the same in the syntenic regions conserved between the two species. A visual representation of genomes and experimental evidence gathered in the laboratory helps in the process of understanding the possible interactions and relationships between genes and regulatory sequence elements in the organisms being compared. In particular, the analysis of conserved synteny between the mouse, rat and human, in combination with quantitative trait locus (QTL) data and microarray experiments [8] , is one of the methods used in cardiovascular research [15, 14, 25] . A QTL can be loosely defined as a part of a chromosome which is implicated in a particular condition or disease 1 . QTLs are derived using statistical techniques and are used both in medical and agricultural research [3] . Our strategy is to discover genes responsible for hypertension in the rat and translate our findings into knowledge about the mechanisms of hypertension in man. Knowledge of synteny between mouse and rat, and mouse and human, and of known QTLs on the three genomes, furnishes supporting evidence to our hypotheses about the location and functional role of such candidate genes. We take a systems approach and integrate information on the three genomes from publicly available data sources, and combine this information with laboratory data. We mine QTL, sequence data, and microarray datasets for evidence of the relationships between known QTLs and novel QTLs defined by gene expression experiments [29] .
In displaying conserved synteny, two or more chromosomes must be shown simultaneously, and chromosomal features that it is possible and necessary to represent at a particular resolution must also be visible. The difficulty of the cognitive task that this imposes on the user increases with the size and complexity of the organisms being compared. Genome comparison for bacteria is currently supported by several packages, including BugView [21] . Larger genomes can be compared using VCMap [20, 32] , Ensembl [13] , Apollo [22] , the UCSG browser [18] , MUMmer [19] , VISTA [24, 7] , Phylo-VISTA [31] , Celera Map Viewer 2 , or K-BROWSER [5] . These tools support the comparison of small sections taken from two genomes, or the comparison of the position of a particular group of genes on two or three genomes, but none of them provide enough context to study synteny. This is because they either focus on the detail, i.e. sequence-level similarity, or on the overview, and do not provide an adequate transition from overview to detail. The visualization problem arises at the interface between the overview and the detail, because the relationships between different genomes are complex: a section of one human chromosome may correspond to pieces from several different rodent chromosomes, and vice versa. Our work specifically addresses the problem of representing the conserved synteny between mammalian chromosomes. We present our findings as follows. Section 2 presents synteny browsing in two contexts: QTL analysis and functional genomics using microarrays. Section 3 introduces the data which are shown in a synteny viewer, while Section 4 discusses the layout issues encountered in synteny maps, and introduces our novel technique of cartoon scaling. Section 5 focuses on how the user interacts with visual representations of synteny, and Section 6 presents the SyntenyVista software that we have developed. We then discuss our work, sketch future developments, and draw conclusions.
Two scenarios of synteny analysis
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Rat Human Figure 1 : A simplified view of synteny. Three chromosomes from three species are shown, with orthologous genes G1 to G4. Gene order is not preserved. At this stage the researcher focuses on the order of landmark genes, and will gather information from various web databases on any other genes mapped to this area. A hand-drawn synteny map guides the creation and analysis of model animal strains
The research we aim to support combines the use of biological experiments generating large results sets, for instance a microarray or a proteomics experiment, with the use of plant or animal breeding techniques which can be used to manipulate the genome of an organism. The genome which is being manipulated is not known in great detail, but the chromosomal location of the region being changed in the experiment is known. For instance, rat chromosome 2 of the spontaneously hypertensive rat, SHRSP, harbours genes which may be responsible for hypertension [25] . Breeding experiments were designed to dissect the part of the chromosome which contains the QTLs. As the experiment progresses, the area containing the genes of interest may become smaller or may split into several areas, and each area may be contained in a separate rat strain. Experimental design is driven by synteny maps of the rat, mouse and human, which are constantly being refined. In this research scenario one rat chromosome will be viewed at a time, along with its human and mouse counterparts, but smaller fragments of the chromosomes will be coming into focus as the time progresses. A visual representation of synteny in this scenario focuses on one selected chromosome, as shown in Figure 1 . A map will normally include all known features, including QTLs, genes, and markers. The map refinement process is an iterative activity consisting of breeding, genotyping, and map refinement. Microarray probes which cannot be mapped to the rat genome using sequence comparison can sometimes be aligned to the human or mouse genome sequence. Synteny information can be used to show where they possibly map to the rat genome A slightly different scenario may be followed in the microarray probe analysis. Three types of view will be required: a genome overview shown in Figure 2 , a view including QTLs and mapped microarray probe positions, similar to Figure 1 , and a view with predicted probe mappings which are based on synteny, see Figure 3 . Initially, we view an overview of the genome, highlighting the genes that are differentially expressed between the hypertensive rat and a control, as shown in Figure 2 . Each of the differentially expressed genes will be shown in colour. Subsequently, for each of the genes of interest, the user will examine synteny and the relevant QTLs, as shown in Figure 1 . At this point, both mouse and human synteny will be examined. A gene which is under-or over-expressed may have a human or mouse counterpart which is known to be involved in a biological process related to hypertension. Finally, in a third view, see Figure 3 , for rat probes which are differentially expressed but not positioned on the rat genome, human or mouse orthologues will be highlighted, together with any information about known QTLs on the relevant chromosomes. As the unmapped rat probes cannot be shown directly, their orthologues will be shown in colour, and the syntenic area in the rat genome will be scrutinised for new genes and areas of conserved sequence.
Software showing the positions of differentially expressed genes alongside the QTLs has been recently made available [10] . However, this software is limited to one species, and further work is required to integrate it into synteny analysis.
Synteny datasets
We aim to visualize three types of information: synteny data at the level of genomes, phenotype data expressed as QTLs, and phenotype information gathered from microarray experiments. The study of sequence-level synteny is computationally intensive, and specialised genome centres offer precomputed synteny maps. Those Synteny data are available from the EnsMart interface [17] or the Genome Browser's table interface [16] . QTL data are not readily accessible in electronic form. The Rat Genome Database (RGD) 7 [32] stores a list of QTLs, with QTL scores, flanking markers and peak markers, and literature references. However, it provides no access to QTL graphs, or the genotype and phenotype data used in QTL analysis [27] . Similarly, QTL data at Mouse Genome Informatics 8 are also incomplete. The Ensembl database
shows QTLs from RGD and links to RGD information, but does not show much QTL information for the mouse or human. We have a significant private repository of QTL information, both for rat and human, and are currently organising this information in a database. For the data to be meaningful, full information is required, including markers tested, rat phenotypes and genotypes, and the files showing the QTL graphs. Our research would benefit from access to external repositories of QTL information, but electronic versions of such data are not readily accessible in a form suited to automated analysis. Microarray data sets can be retrieved from public databases, including Array Express 9 , GEO 10 , and READ 11 . Additionally, researchers publish such data on their web pages in a variety of data formats which make the data inaccessible in the context of a system-wide inquiry. Our plan is to deposit experimental data in Array Express, and to mine the data from that resource for any data sets deposited by ourselves and other research groups. Visualizing such data sets in a synteny map will allow us to place our experimental data in context, and to find synteny defined in terms of an expression profile [29] .
Although the full data set required for microarray publication is very extensive [2] , and requires statistical preprocessing which may be supported by data mining tools [8, 30] , for the purposes of visualization it suffices to record in a simple table which genes differ in their expression signal between the experimental sample and the control, and this information can be provided in the feature list. The data will be used to mark the genes in two distinct colours, while the genes which do not change expression remain drawn in a baseline colour. Additional information about the strength of the signal from a microarray (or from a proteomics experiment) can be shown in a separate window, as and when needed, or used to filter data. Even when comparing just two chromosomes it is still difficult to display all objects and their names. There are several million objects on each chromosome, and there may be hundreds of genes in a syntenic area. The visualization problem is to show both a global perspective and fine detail, and to provide smooth transitions between various levels of granularity. We list here some of the visualization challenges which have to be overcome in designing an information-rich display of synteny.
• View of the whole chromosome. Card and colleagues [4] Figure 5: Two whole-chromosome views of species synteny, both of which reduce the many-to-many relationships into a one-to-many relationship. In overview 1, the central chromosome is larger, and it represents the current focus. Syntenic chromosomes are distributed around it, and connected with a line to their syntenic fragment on the focal chromosome. In overview 2 the information is condensed. A small panel summarises synteny by colouring the chromosomes that are related to the focal chromosome. Any of the small syntenic chromosomes can be selected and will appear alongside the focal chromosome, with lines demarcating the synteny area. Beside colour, numbers can be used to annotate the chromosomes participating in synteny orient themselves it is important that a view be available of each whole chromosome and its syntenic relationships to other chromosomes. Figure 5 shows two visual representations that attempt to convey the many-to-many mappings between two species. The examples have the common feature that one of the chromosomes, that of the so-called 'focus species', is the reference for the comparisons. Both representations fall short of displaying the full complexity of synteny. However, they are useful because many-to-many relationships are inherently hard to follow. In the representation on the left-hand side chromosomes are not drawn to scale, and it is difficult to compare the lengths of the syntenic areas. The fact that the syntenic areas are at different horizontal coordinates confuses the eye, as eye movement along the diagonal is needed.
• Whole chromosome with detail, defined as overview+detail in [4] . It is desirable to provide, in a single display, details of selected chromosome areas while still maintaining reference to the whole chromosome. One way of doing this is to show the map scale (the chromosome) and highlighting the part being shown in detail (see Figure 6 ).
• Scaling. To represent conserved mammalian synteny we must be able to show both entire chromosomes, which may be up to 300 DNA Megabases (Mb) in length, as well as features which may be only one or two bases long. This requires a flexible implementation of the scaling algorithm. A possible solution is to employ two visualizations, one specially designed for high-resolution browsing of the DNA sequence, and the other for the lower-resolution presentation of genes. Another problem is that the two chromosomes being visualized may differ considerably in length. It is desirable to be able to scale one or both of them. To this end we introduce a novel type of scaling, cartoon scaling, which distorts the physical scale and shows the genes as being equidistant and of the same size (see Section 5, Figures 9 and 13 ). The scale itself also needs to be shown, to enable better orientation in the chromosome landscape, but it may be sufficient to show just the start and the end of the scale.
• Map orientation. Horizontal maps are easier to scan with the eye than vertical maps, as no neck movement is required, and only a scan from left to right is needed. However, horizontal representation poses problems in the way that objects and their labels are to be placed on the map (see Figure 6 ). • The labelling problem [23] arises where the display area is too small to show labels of all the objects in focus, see Figure 6 , and Figure 7 . This problem arises in both horizontal and vertical maps. Possible solutions include reducing the number of objects to be shown, reducing the number of labels on display, or using excentric labelling [9] .
• Representing relationships between objects. Relationships between objects in two chromosomes are the focus of a synteny visualization. • Crossing lines. Inverted gene order leads to many lines crossing in the display. It is desirable to be able to invert one of the chromosomes to produce a representation where most lines are parallel. In a situation where lines extend beyond the display area, the lines could be drawn in a fainter colour, replaced by a few short dashes, or not drawn at all.
• Background. Colour and texture choice should enhance the legibility of the map. Guide lines needed to represent synteny may distract the eye, and their visual impact should be kept to a minimum.
User interaction with synteny displays
This section discusses the desired interaction characteristics of synteny viewers. Some of the interaction features are required purely to enable data analysis and switching between overview and detail in this particular context. On the other hand, some of the features may be there in order to offer additional visualization support in the representation of large data sets, such as details on demand [4] .
• Details-on-demand. The user needs to be able to select the species, chromosomes, and chromosome areas to display. This can be implemented by presenting selection or text boxes, or by supporting mouse-driven selection on a canvas showing those objects. Mouse-driven selection may be more intuitive, but the user needs to know what to expect from each mouse action used. • Zooming. Change of perspective, implemented as zooming, is necessary to show very large objects at varying scales of resolution. Zooming can either be continuous ('smooth zooming', see [1] ) or incremental (2x, 10x, etc), and can be supported by zoom buttons, sliders, or mouse actions. Continuous zooming is more flexible and, being smoother, is easier on the eye.
• Excentric labelling [9] could be used in the synteny context to bring in more detail on demand, without cluttering the display. A user study would have to confirm if this technique would be appropriate in this context. Human   G2   G1  G1   G2   G3   G4   G3   G4   Rat  Human   G3   G2   G1   G3   G4  G4   G2   G1 cartoon scaling physical scaling Figure 9 : Cartoon scaling is a way of condensing information. It distorts gene lengths and inter-gene distances to display more genes in a smaller screen area
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• Chromosome movement along the chromosome axis. It should be possible to slide one chromosome against the other to juxtapose the areas of synteny. This type of movement can be implemented as panning on the detail window or via buttons or mouse actions.
• Chromosome scaling. We mentioned cartoon scaling in Section 3. This scaling differs from the fisheye technique [11] where objects are scaled to reflect user interest in them, as defined by a degree of interest function. Cartoon scaling, see Figure 9 , is a distortion technique which scales non-uniformly the part of the chromosome which is in focus. In a true physical representation genes are of differing sizes and distributed non-uniformly along a chromosome. Cartoon scaling distorts the physical relationships. It sets all genes to equal size and spaces them equidistantly on the chromosome, and zooming is then applied by the user to achieve the correct resolution, and select the area of interest. Cartoon scaling can be triggered by a control button and is applied to both chromosomes. Geometric scaling, which is implemented as zoom, can be controlled by mouse action or other means.
• Chromosome inversion. Being able to invert a chromosome will help the user to view gene relationships in an area of synteny with an inverted gene order. Figure 14 demonstrates chromosome inversion.
• Filtering. [4] Where there are too many data items to display, data can be filtered according to data type or other characteristics. This feature can support the display of differentially expressed genes, or selected QTLs. Other forms of filtering would enable the user to focus on gene function or other gene attributes.
• Colour. Colour perception varies between people, and colour blindness may render a display useless. Initially, the software could use a set of default colours, and options to change the colours should be present. Colour representation of chromosomes poses problems due to the number of mammalian chromosomes. On the other hand, colour may be used to highlight the functional classification of genes, and in this case a default colouring will be used, with options for colour change.
SyntenyVista
SyntenyVista was developed at Glasgow University for the UK Cardiovascular Functional Genomics Consortium (CFG) 12 . CFG aims to discover genes responsible for hypertension by studying animal models Figure 10 : SyntenyVista1, SV1 (left) displays the chromosomes from two species as two panels of baguettes, while SyntenyVista2, SV2 (right) uses three rows of coloured squares to represent three genomes of heart disease, and translating this knowledge to human cardiovascular disease. SyntenyVista currently exists in two prototype versions 13 . It provides a simple interface for the interactive visualization of synteny, at the level of genomes, chromosomes, genes, markers, and QTLs. SyntenyVista1 (SV1) uses flat files, manually retrieved from Ensembl 14 , and does not display gene names or QTLs in the main panel. SyntenyVista2 (SV2), developed with the assistance of the Bridges e-Science project 15 , has a direct database connection to Ensembl, and shows genes, markers and QTLs in the main panel, with gene names displayed along the chromosome axis. SV2 has the cartoon scaling feature. The enhancements added to SV2 address feedback from the CFG project members. The work on SyntenyVista is ongoing, and current data integration work performed by CFG, Bridges and Xtect 16 will be reflected in the new functions being added to the visualization tool. Adding access to additional sources of data is a prerequisite for a full usability test.
Genome overviews
This tour of SyntenyVista follows a user session scenario. On startup, the human, mouse and rat genomes are shown as sets of chromosomes. Figure 10 illustrates alternative karyotype representations. SV2 representation (right) is more compact. However, there are not enough colours to distinguish between all the chromosomes, and we will be looking at enhancing this representation, possibly with texture, or sound.
Chromosome overviews
Next user action is the choice of a chromosome in one of the species, the so-called master chromosome. In SV1 this is effected by left-clicking on any of the chromosomes in the left-hand side panel, and in SV2 the chromosome needs to be dragged-and-dropped. The resulting displays are shown in Figure 11 . In SV1 the transition between an overview and chromosome detail is direct. At this point left-clicking on any other chromosome will bring it into the left-hand-side of the main panel. By default, the selection 13 see videos at www.dcs.gla.ac.uk/∼ela/Synteny 14 www.ensembl.org 15 www.brc.dcs.gla.ac.uk/projects/bridges 16 xtect.cis.strath.ac.uk Figure 11 : SV1 (left) displays the genes in the uppermost part of the selected chromosome, coloured to show synteny. Genes that are coloured white have no known orthologues. SV2 (right) displays two chromosome overviews, one for rat chromosome 9, and one for human chromosome 2. Along each chromosome, syntenic gene groups in the two other species are shown, using the colours shown in the panel on the left hand side box on the chromosome (coloured in light-blue) will be focused at the top of this chromosome. In SV2, at this point, the user can add other chromosomes by dragging them into the central panel, and can view several synteny overviews here, as illustrated for one rat and one human chromosome.
Synteny in detail
Step three represents a transition towards a detailed view of synteny. In SV1 the user right-clicks on any of the chromosomes in the left-hand-side panel, and this chromosome will be added to the main display. It is easy to resize the selection box to make sure that the whole chromosome is in focus, and in that way see which of the chromosomes in the other species have conserved synteny. Then switching between those chromosomes with the right mouse button will show them in more detail. Figure 12 shows the result of setting the selection box to the entire chromosome length on human chromosome 2 and viewing synteny with mouse chromosomes 1 and 6.
SV2 takes a slightly different approach. One has to first drag-and-drop the two selected chromosomes into the main panel, and then connect them with a line. This results in a display where the chromosomes are shown side by side, with gene names placed along both chromosomes, and QTLs displayed as thin lines along the chromosome axes. Figure 13 (a) illustrates the situation where rat chromosome 9 and mouse chromosome 1 were selected, and on both chromosomes the selection boxes are placed in the uppermost Figure 12 : SV1 showing synteny overviews for human chromosome 2. Synteny with mouse 1 is on the left, and synteny with mouse 6, on the right. Orthologous genes in both species are connected by black lines regions, by default. To select a different pair of chromosomes, the user has to use the tabs at the top of the display, and press the tab called canvas to make a new selection.
View adjustment
View manipulation is identical in both versions of SyntenyVista, with the exception of cartoon scaling, introduced in SV2, shown in Figure 13 (c-d) . A very useful feature of SyntenyVista is the possibility of inverting any of the chromosomes to change the crossing lines which form the 'butterfly pattern' in the centre of the display into mostly parallel lines, see Figure 14 . We briefly summarise other features supporting user interaction. Details-on-demand manipulation uses both mouse and keyboard interactions, i.e. by clicking on genomes and chromosomes, sliding a window along the chromosome axis, or dragging the boundaries of the window which defines how much detail is to be shown. Keyboard interaction is also supported: the user can enter the coordinates of the region of interest, or a gene name on which to focus. Smooth zooming supports the visual exploration of the chromosome space, and is triggered by mouse movement over the gene-display panel. SyntenyVista calculates which genes are closest to the centre of the display and ensures that they remain in this position in the re-drawn view. This allows the user to keep an area of interest in focus during the zooming process. Smooth zooming was implemented using the Piccolo toolkit 17 . Chromosome movement in the vertical axis is supported in two ways. One can pan with the mouse on the gene panel, or drag the box enclosing the region of interest shown along the chromosome axis. Both actions will bring into view the desired region of one chromosome and align it with the other chromosome. The user can scale the display of the genes in focus by using a mouse action. Colour is used to convey genome-level synteny, and will be part of a user profile. We are adding facilities to filter the data for a subset of QTLs, and the facility to colour-code gene-expression data within each QTL as shown in Section 2, Figure 2 .
The above outline of user interaction shows that the following requirements were taken into account in the visual layout of SyntenyVista. Whole-chromosome view of synteny at the genomic level which uses colour and chromosome numbering to support understanding is the starting point of the visualization. Simultaneous access to synteny overview and detail within one display is provided. SyntenyVista shows a vertical map, to minimise the expected problems of feature labelling. Gene relationships are shown as lines. The user can invert the chromosome and remove the crossing lines when they obscure the display. Geometric scaling is offered via the zooming facility, and cartoon scaling via a button in the top panel. We use a white background and provide a default selection of visually distinct colours, which improves the legibility of the display. SyntenyVista includes a top panel presenting additional information and allowing additional user interaction. In response to mouse movement in the gene area, the panel displays information on genes and QTLs. The panel offers options to search for a gene name or a chromosome position, and to invert a chromosome. Entering a gene name in the find box will signal the location of a given gene on the chromosome by a flashing red band (the same effect can be achieved by clicking on a gene). This flashing effect can be used to highlight gene orthologues, see Figure 13 (b-d) .
SyntenyVista can download data from Ensembl 18 at run time or read data from a flat file. We are adding on-demand feature lookup from Ensembl which will fetch annotations for a gene of interest. Direct access to other databases is also being considered.
We have demonstrated the tool to the potential users as it was being developed, and we used the 18 www.ensembl.org feedback to add database connectivity and prototype the display of three chromosomes in the same main panel (not shown). We have also conducted initial tests of the excentric labelling feature. As soon as the software incorporates a useful subset of functions needed in our research context, which include access to local microarray data, QTL positions, and microarray probe mappings which we calculated, it will be evaluated with eight user groups which are using rat and mouse models of heart disease, neurological disorders, and cancer proliferation.
Discussion, further work and conclusions
Synteny analysis is an important technique in biomedical research [26, 12] . Since many genomes have now been completely or partially sequenced, synteny is increasingly being used to shed light on the structure of genomes and on the possible functions of the conserved DNA sequences. These insights have the potential to lead to findings about the causes of disease and good health, and to the development of new drugs or environmental practices. Current tools for genome visualisation do not provide adequate support for the visual examination of synteny, and our work starts by specifying in detail the representational and interactive requirements of synteny viewing. We implemented a prototype which needs access to integrated data resources before it can undergo rigorous user testing. SyntenyVista is a foundation for a robust synteny analysis platform. Our aim is to deliver a systemlevel tool which provides a gateway to integrated information on the human and two model species: the mouse and the rat, and to extend it to other species in the future. Our contribution is the analysis of the layout and interaction requirements in synteny viewers, and the implementation of a prototype proving that synteny displays can include a view of the whole as well as the part, and provide smooth transitions between different resolutions of the data. Our prototype offers both mouse-driven and keyboard-driven visualization controls, and the display remains legible at all levels of zooming. We provided smooth zooming, panning, and chromosome inversion, to help the user understand the data. The distinguishing feature of our implementation is the cartoon scaling which provides a very effective representation of mammalian genomes. We are aware of the issues of colour control, and in the future will offer more flexibility in that respect. We added the display of QTLs and are experimenting with the use of colour to display QTLs and microarray data sets. Further work will address data loading from a variety of data sources, both private and public, and we are working with the BRIDGES 19 project to satisfy this requirement.
Unresolved problems include the display of overlapping genes and alternative gene transcripts. We are aware of the need for refinements to screen usage and user interaction, which will be subject to user evaluation. We will initially couple SyntenyVista with sequence-level display techniques, similar to those offered in Artemis [28] , and multiple alignment options presented by K-BROWSER [5] , Phylo-VISTA [31] or JalView [6] . Finally, direct connection to other visual data mining interfaces [30] could add another dimension to data visualization.
In summary, we have carried out an analysis of synteny data, data layout, and user interaction features needed in synteny viewers. We have implemented a new viewer, called SyntenyVista, which includes a novel interaction feature, called cartoon scaling. We believe that our prototype will provide improved visualization support to biological researchers who examine synteny in the fields of functional genomics, integrative physiology and systems science.
